The Fujinami avian sarcoma virus (FSV) transforming gene product, P140, is a fusion protein which contains both gag-related and FSV-specific methioninecontaining tryptic peptides. The virion protease p15 cleaved P140 into two fragments: an N-terminal 33K fragment which contained all but one of the gagrelated tryptic peptides and a C-terminal 120K fragment which contained all of the FSV-specific tryptic peptides. The 33K gag-related fragment from P140 phosphorylated in FSV-transformed cells contained only phosphoserine, whereas the 120K C-terminal FSV-specific fragment contained both phosphoserine and phosphotyrosine. P140 isolated from cells infected at the nonpermissive temperature with an isolate of FSV which is temperature sensitive for transformation had a normally phosphorylated 33K fragment, but a hypophosphorylated 120K fragment deficient in both phosphotyrosine and phosphoserine. When P140 was immunoprecipitated from cells and phosphorylated in vitro at tyrosine residues in the immune complex kinase reaction, only the FSV-specific fragment was labeled. These data define the structure of FSV P140 and locate the phosphorylated amino acids within the two regions of the polypeptide.
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Fujinami sarcoma virus (FSV) is an avian replication-defective RNA tumor virus which causes sarcomas in chickens and transforms fibroblasts in tissue culture. FSV is replication defective and requires a nontransforming helper such as FSV-associated virus (FAV) for replication. The RNA genome of FSV has a size of approximately 4.5 kilobases (kb) and is unrelated to the Rous sarcoma virus transforming src gene. The 5' 1 kb of the FSV genome contains a part of the FAV gag gene, which in FAV encodes the precursor to the proteins of the virion core, Pr7W`9 (5, 7, 13) . The internal 3 kb is FSV specific and is thought to contain the FSV transforming gene (5, 7, 9) . The 3' 0.5 kb of the FSV RNA corresponds to the "C" region of FAV RNA and contains no known coding sequence.
A 140,000-to 150,000-molecular-weight polypeptide (P140) has been detected in cells infected with FSV after immunoprecipitation with anti-gag serum (5, 7) . An identical protein is synthesized in vitro from 4.5-kb FSV virion RNA (7) . P140 accounts for all of the coding capacity of FSV 4.5-kb RNA in a single reading frame, including the intemal virus-specific sequences, and we can detect no other product of FSV RNA after cell-free translation. The FSV genome therefore appears to encode only this one protein. In transformed cells P140 is highly phosphorylated at serine and tyrosine residues and is associated with a protein kinase activity which specifically phosphorylates tyrosine residues (2, 3, 9) . In a strain of FSV which is temperature sensitive for transfornation, the phosphorylation of P140, its associated kinase activity, and the phosphorylation of cellular proteins at tyrosine residues are all lost at the nonpermissive temperature for transformation (9) . These observations indicate that P140 is the FSV transforming protein and suggest functional analogies with the Rous sarcoma virus pp60 transforming protein (6) . To explore how P140 interacts with the cell we examined its structure and phosphorylation in more detail.
MATERIALS AND METHODS
The focus-purified isolate of FSV (L5) described by Lee et al. (7) was used unless otherwise indicated. This virus is temperature sensitive (ts) for transformation.
A temperature-resistant (tr) isolate (clone 12) of FSV 666 PAWSON, KUNG, AND MARTIN acid-containing, heat-denatured virion 70S RNA and its translation in the messenger-dependent rabbit reticulocyte lysate were as described previously (11) .
Radiolabeling of cells. Cells were labeled with 32Pi (ICN Pharmaceuticals; carrier free) at 0.5 mCi/ml in phosphate-free Dulbecco modified Eagle medium for 4 h as described previously (9) . Cells were lysed, and 32P-labeled proteins were immunoprecipitated by incubation of the lysate with the appropriate serum and adsorption of the immune complex to inactivated Staphylococcus aureus (lgGsorb; The Enzyme Center) as described previously (9, 11) .
Proteolytic cleavage of P140. After cell-free translation at 30°C for 60 min, the reticulocyte lysate was made 400 ,uM with nonradioactive methionine, and purified Rous sarcoma virus (RSV) subgroup B virions, previously disrupted by the addition of Nonidet P-40 (NP40) to 0.5%, were added to a concentration of 10 mg/ml. The incubation was continued for 30 min at 30°C and was then terminated by the addition of sodium dodecyl sulfate (SDS) gel sample buffer.
Cleavage of proteins immunoprecipitated from infected cells was as described by Vogt et al. (14) . The washed immune complex was resuspended in 35 Tryptic peptide analysis. Labeled proteins were eluted from gel fragments, oxidized, and digested with trypsin as described previously (9) . Tryptic peptides were separated on 20-by 20-cm thin-layer cellulose plates (0.1 mm; E. Merck labs) by using electrophoresis at pH 2.1 (water-formic acid-acetic acid, 90:2:8 by volume) at 400 V in the first dimension followed by chromatography in n-butanol-acetic acid-water-pyridine (30:6:24:20 by volume) in the second dimension.
Phosphoamino acid analysis. 32P-labeled proteins were eluted from gels and hydrolyzed with 6 N HCl for 90 min at 110°C in vacuo as described previously (6) . Phosphoamino acids were separated in two dimensions on thin-layer cellulose plates by electrophoresis at pH 1.9 followed by electrophoresis at pH 3.5 (6, 9 [35S]methionine, digested the gel-purified protein with trypsin, and analyzed the resulting tryptic peptides by two-dimensional separation on thin-layer cellulose plates, using electrophoresis in one dimension followed by chromatography in the second dimension. The tryptic peptides of P140 were compared with those of FAV Pr769'9 and with the individual group-specific antigens (the cleavage products of Pr769'9 which have been mapped on Pr769'9 in the order N pl9-plO-p27-pl2-p15 C [E. Hunter and D. Schwarz, personal communication]). Of the methionine-containing peptides in P140, seven comigrated with peptides found in Pr76F'g, whereas the remaining seven (numbered 1 through 7) were specific to the FSV P140 (Fig.  1 ). The methionine-containing tryptic peptides of P140 synthesized in vivo and in vitro are identical (data not shown). P140 contains all of the methionine-containing peptides from the virion protein p19 plus one out of the four present in p27 (data not shown). These data suggested that P140 contains sequences corresponding to the N-terminal region of Pr769'9, including all of p19, in addition to sequences unrelated to Pr769'9 and therefore designated as FSV specific.
Proteolytic cleavage of P140. To define how these sequences are arranged on the P140 molecule we have taken advantage of the proteolytic activity of avian RNA tumor virus virions. The activity associated with the gag-encoded protein p15 cleaves Pr769'9 in vitro to several fragments including mature p27 and p15 (14, 15) . In vitro it can also cleave some gagrelated proteins analogous to FSV P140, such as AEV P75, and MC29 P110 into two or more fragments (14) . originally in P140 appeared after the cleavage reaction as two smaller fragments, one with a molecular weight of 33,000 (33K) (which often was seen as a doublet or triplet) and one with a molecular weight of 120,000 (120K). Thus, the virion-associated protease apparently cleaves FSV P140 into two fragments of 120K and 33K.
To identify the peptide sequences contained within each of the fragments generated by p15 cleavage, we subjected the separated 33K and 120K fragments and the remaining uncleaved P140 to tryptic peptide analysis (Fig. 1) fragment contained all ofthe peptides previously identified as FSV specific (no. 1 through 7) plus one gag-related peptide (no, 10). For example, FSV-specific peptides 1, 2, and 3 were found in the 120K fragment, whereas the gag-related peptide 8 migrating between peptides 1 and 2 was found in the 33K fragnent. Spot 13 appears to contain two peptides which are sometimes separated (i.e., Fig. 1A) , accounting for the ap-J. VIROL.
pearance of this spot in both the 33K and 120K fragments. To confirm the location ofthese tryptic peptides in the different fragments, a miing experiment was performed in which the tryptic peptides of the 120K and 33K fragments were separated together in two dimensions. To positively identify the origin of each peptide in the mix, five times more counts of 'S-labeled trypsin-digested 33K was loaded than of 120K. Figure 1G shows that such a mixing experiment reconstitutes the peptide map of uncleaved P140 and confirms that the more intensely labeled gag-related peptides (no. 8, 9, 11, 12, 13, and 14) in this mixture are derived from the 33K fragment. These results indicate that p15 cleaves FSV P140 into a gag-related (33K) fragment and an FSV-specific (120K) fragment and suggest that P140 is composed of a set of contiguous gag-related peptide sequences at one end and a set of contiguous FSV-specific sequences at the other end.
To determine which fragment defines the Nterminus of P140, we translated FSV (FAV) RNA in vitro in the presence of [MS]methionylformyl-methionine tRNAft, the initiating aminoacyl-tRNA, under conditions where the [3S]methionine is donated only to the N-terminus of synthesized proteins (10) . When P140 is synthesized under these conditions and subsequently cleaved with p15, only the 33K fragment is labeled, indicating that this represents the N-terminal region (data not shown). Thus, P140 has an N-terminal gag-related sequence of 33K, containing all the tryptic peptides from p19, in addition to a C-terminal FSV-specific sequence. The presence of the gag-related peptide 10 within the 120K fragment suggests that the virion-associated proteolytic activity cleaves P140 within the gag-related sequence close to the junction of the gag-related FSV-specific sequence.
Phosphorylation sites with P140. We have previously shown that in an isolate of FSV which is temperature sensitive for transformation P140 is only weakly phosphorylated at the nonpermissive temperature. This phosphorylation occurs at seine residues contained within typtic phosphopeptides which are also found in FAV Pr760' (9) . In contrast, at the permissive temperature P140 is additionally highly phosphorylated at serine and tyrosine residues contained within tryptic phosphopeptides not found in FAV Pr761". However, we could not show that these transformation-related phosphorylations were located in the FSV-specific section of P140 rather than representing new sites within the gag region.
Here we have used p15 cleavage of P140 la- (Fig. 3) .
Phosphoamino acid analysis of the separated fragments showed that the 33K fragment contained only phosphoserine, whereas the 120K fragment contained both phosphoserine and phosphotyrosine in approximately equal ratios (Fig. 4) . This indicates that the phosphotyrosine residues of P140 from transformed cells are located in the C-terminal FSV-specific region, and that this region also has sites for serine phosphorylation.
To determine whether the phosphorylation of the 120K FSV-specific region is transformation related, we isolated 32P-labeled P140 from FSVinfected cells grown and labeled at 41.5°C. At this temperature the cells assumed a normal morphology, and P140 was poorly phosphorylated and contained no phosphotyrosine. In comparison with the distribution oflabel within P140 from FSV-transformed cells, the 120K fragment of P140 from cells maintained at 41.5°C contained little label, whereas the 33K fragment was labeled to the same extent as that from P140 isolated from cells maintained at 380C (Fig. 3) . These results indicate that the phosphorylation of serine and tyrosine residues within the Cterminal fragment is transformation specific.
In addition to these data, an examination of the anti-gag immunoprecipitates from FSV-infected 3P-labeled celLs revealed two phosphoproteins other than FSV P140 and FAV Pr76'0ẁ hich were specifically associated with the immune complex (Fig. 3) . These proteins, with molecular weights of approximately 50,000 and 89,000, are apparently encoded by cellular rather than viral genes. The mobilities of the 50K and 89K proteins were unchanged in cells infected with separate isolates of FSV which encode transforming proteins of different sizes (Fig. 3) ; the 50K and 89K proteins were resistant to p15 cleavage (Fig. 3) , and they were not detected in the cell-free products of FSV virion RNA translated in vitro (7) . Preliminary evidence (T. Gilmore and G. S. 
FIG. 4.
Phosphoamino acid analysis of the N-terminal and C-terminal fragments of P140. P140 was isolated from 3P-labeled FSV (FAV)-transformed cells by immunoprecipitation with anti-gag serum. The immune complex was incubated in cleavage buffer with NP40-disrupted RSV as described in the text. After separation of the resulting products on a 6.5% polyacrylamide gel, the 120K and 33K fragments were eluted from the gel and acid hydrolyzed. Phosphoamino acid analysis was performed using electrophoresis at pH 1.9 toward the anode (left to right) followed by electrophoresis atpH 3.5 toward the anode (bottom to top). The migration of marker phosphoamino acids was determined by ninhydrin staining (6) . (A) phosphoamino acid analysis of the 120K fragment; (B) phosphoamino acid analysis of the 33K fragment.
In the immune complex kinase assay, P140 immunoprecipitated from FSV-transformed cells and incubated with [y-32P]ATP is itself phosphorylated. In vitro P140 is phosphorylated almost exclusively at tyrosine residues, and these are located in three tryptic phosphopeptides which are also found in in vivo-phosphorylated P140 (9) . P140 thus phosphorylated in the inunune complex assay was cleaved with p15. Only the 120K fragment was labeled (Fig.  5) , indicating that the P140-associated kinase activity phosphorylates only tyrosine residues located within the FSV-specific C-terminal region. DISCUSSION There is considerable evidence indicating that P140 is the FSV transforming protein and that its associated protein kinase activity, which shares with RSV pp6O"" the ability to phosphorylate tyrosine residues, is involved in its ability to transform cells. By combined use of p15 cleavage and tryptic peptide analysis, we have shown that FSV P140 can be separated into an Nterminal 33K fragment containing gag-related sequences corresponding to the N-terminal region of Pr769'9 and a 120K C-terminal FSVspecific fragment. The size of the 33K fragment corresponds well with the amount ofgag-related sequence predicted by peptide mapping. This has served to confirm the structure of P140 suggested by the genetic structure of the FSV 4.5-kb RNA (5, 7) and allows the investigation of the FSV-specific sequences of P140 independent of the gag-related region.
We have located the sites for the transformation-specific phosphorylation of tyrosine residues within the C-terminal FSV-specific region for both in vivo-and in vitro-phosphorylated P140. It is of considerable interest that at 380C the FSV-specific 120K fragment contained phosphoserine to the same extent as phosphotyrosine, whereas at 41.50C there was little phosphorylation of the 120K fragment. This is reminiscent of pp60"', since conditional (1) and nonconditional (8) mutants of pp6081T may show underphosphorylation of both serine and tyrosine residues. These observations suggest that the temperature-sensitive lesion may render both serine and tyrosine sites unsusceptible to phosphorylation, and that the phosphorylation of serine residues within the FSV-specific region may be involved in regulating the activity of FSV P140. The location of the phosphotyrosine residues within the C-terminal FSV-specific fragment of P140 is consistent with the idea that this region of the protein is actively involved in its transforming function. The phosphorylation of P140 in vitro may represent autophosphorylation or may be due to phosphorylation by a closely associated co-precipitating cellular kinase as suggested by Bister et al. (2) . In this latter case, the temperature sensitivity of P140 phosphorylation could be due to the inability of P140 to act as a substrate for a cellular kinase at the nonpermissive temperature. The identities of the cellular proteins which phosphorylate P140 and of the targets for the proposed kinase activity of P140 are not yet clearly understood.
Since the phosphorylated sites found in the N-terminal gag-related fragment are identical to those found in FAV Pr76'ag (9), it seems unlikely that they play a direct role in the transforming activity of P140. It is not yet known whether the gag-related sequences of the FSV genome serve merely to allow the translation of the internal FSV-specific sequences, or whether the gag-related N-terminal region of P140 also has an influence on the biological activity of P140. It is interesting that p19 is the only virion protein which can be chemically cross-linked to lipid within the virion (12) . If the p19 N-terminal region of P140 has a special affinity for membranes, this might affect the location or activity of P140 within the cell. The relative ease with which FSV P140 can be separated into its two component fragments will facilitate the further investigation of this protein and will permit lesions within the protein to be assigned to the gag-related or FSV-specific fragment.
The pattern of phosphorylated residues in the C-terminal region of FSV P140 is very similar to that of FSV pp6f4rc. In addition, both P140 and RSV pp6OBrc lose phosphorylated tyrosine and serine residues concomitant with the loss of viral transforming activity. Taken together, the observations described here are consistent with the idea that the transforming proteins of FSV and RSV may interact with the same cellular processes to induce transformation.
